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(57) ABSTRACT 
A poWer converter for converting an input voltage (Vin) into 
an output voltage (Vout), comprising a ?rst supply potential 
and a second supply potential established by the input volt 
age, and at least one primary Winding having tWo terminals, a 
center tap arranged betWeen the tWo terminals and connected 
to the ?rst supply potential, and at least one secondary Wind 
ing magnetically coupled to the primary Winding for provid 
ing at least one output voltage (Vout) and a ?rst controllable 
sWitch connected betWeen the second supply potential and 
one terminal of the primary Winding and a second control 
lable sWitch connected betWeen the second supply potential 
and the other terminal of the primary Winding and a third 
controllable sWitch connected betWeen the second supply 
potential and the one terminal of the primary Winding and a 
fourth controllable sWitch connected betWeen the second sup 
ply potential and the other terminal of the primary Winding, 
and a control unit for controlling the sWitches such that the 
?rst, second, third, and fourth sWitches are turned on sequen 
tially Wherein at any time maximum one sWitch is turned on. 
27 Claims, 15 Drawing Sheets 
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MULTILEVEL PUSH PULL POWER 
CONVERTER 
CLAIM OF PRIORITY 
This patent application claims priority to European Patent 
Application serial number 06 000 971.9 ?led on Jan. 18, 
2006. 
FIELD OF THE INVENTION 
The present invention relates to a poWer converter and, in 
particular, a push-pull direct current to direct current (DC 
DC) poWer converter. 
RELATED ART 
DC-DC poWer converters are electronic devices that 
change DC electrical poWer e?iciently from one voltage level 
to another. Typical industrial applications of DC-DC convert 
ers are, for example, Where 24V DC from a truck battery is 
stepped doWn to 12V DC to run a car radio, Where 1.5V from 
a single cell battery is stepped up to 5V or more to operate 
some electronic circuitry, or Where 12V DC is stepped up to 
+/—40V to drive a car HiFi ampli?er circuitry. 
There are many different types of DC-DC poWer convert 
ers, each of Which tends to be more suitable for some kinds of 
applications than for others. One type of DC-DC poWer con 
verter is the isolating converter, Which is generally used in 
applications that require full dielectric isolation betWeen the 
converter’s input and output circuits. A knoWn type of the 
isolating converter is the push-pull type, Which is Widely used 
in high poWer applications. 
The basic circuitry of a typical push-pull DC poWer con 
verter, as shoWn in FIG. 1, includes a ?rst supply potential 11 
and a second supply potential 12 established by an input 
voltage Vin. A primary Winding W1 having tWo end terminals 
T1 and T2 and a center tap 13 is coupled to one of the tWo 
supply potentials, here 11, With the center tap dividing the 
primary Winding into tWo halves, the ?rst half Np1 betWeen 
the center tap and the ?rst end terminal T1 and the second half 
Np2 betWeen the center tap and the second end terminal T2. 
The converter includes at least one secondary Winding W2. 
Here tWo halves Ns1 and Ns2 of the secondary Winding W2, 
has the same number of turns and is magnetically coupled to 
the primary Winding W1 for providing at least one output 
voltage Voutimultiple secondary Winding is a common 
practice in poWer converters. Different secondary Windings 
may have the same or different number of turns thereon. TWo 
sWitches S1 and S2 are connected to either end terminal of the 
primary Winding. The ?rst sWitch S1 is connected betWeen 
the ?rst terminal T1 and the second supply potential 12, and 
the second sWitch S2 is connected betWeen the second termi 
nal T2 and the second supply potential 12.A control unit 16 is 
coupled to the input voltage or any other voltage and to the 
tWo sWitches for turning on and off the sWitches alternately, 
that is, the sWitches are never turned on at the same time. In 
particular, the control unit may generate tWo control signals 
C1 and C2 for controlling the sWitches S1 and S2, respec 
tively. 
In operation, the input voltage is ?rst supplied to the ?rst 
half primary Winding Np1, and then to the other half Np2. 
This cycle is repeated continuously and at a relatively high 
rate, often many tens or even hundreds of kilohertZ. Thus, in 
effect, the sWitches S1 and S2 convert the DC input voltage 
into a high frequency alternating current (AC) square Wave. 
As a result, at the secondary side, a corresponding AC square 
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2 
Wave is generated With a peak voltage Vac(pk) equal to (dur 
ing each half-cycle): V[in ><(L3/L1)], Where L3 is the number 
of turns of the secondary Winding Ns1 While L1 is the number 
of turns of the ?rst primary Winding half Np1. Diodes D1, D2, 
D3, and D4 are connected directly across the secondary Wind 
ings as a bridge recti?er, so the AC square Wave appearing 
across the secondary Windings is recti?ed back into a high 
voltage DC signal, to feed the load and maintain the charge on 
?lter capacitor C through a ?lter inductor L. The DC output 
voltage Vout is equal to the peak AC output, that is, 
Vout:Vin><(L3/L1). 
FIG. 2 shoWs the corresponding signals Which apply to the 
push-pull poWer converter as shoWn in FIG. 1. The detailed 
operation of this poWer converter can be understood With a 
brief explanation of the Waveforms of these signals. From the 
?gure, it can be seen that the ?rst sWitch S1 and the second 
sWitch S2 are never turned on at the same time; they are 
hoWever turned on alternately. For example, from time t0 to 
t1, the ?rst sWitch S1 is on (i.e., the voltage across the sWitch 
S1, V51, is Zero) While the second sWitch S2 is off (i.e., the 
voltage across sWitch S2, VS2, is not Zero); and from time t2 
to t3, the second sWitch S2 is on While the ?rst sWitch S1 is off. 
When the ?rst sWitch S1 is turned on, the input voltage Vin 
generates a current ?oW through the ?rst half primary Wind 
ing Np1 and, as a result, voltages are generated across the 
secondary Windings; especially, a voltage VNSI, is generated 
across the secondary Winding Ns1. Next, at time t1, the ?rst 
sWitch S1 is sWitched off and the second sWitch S2 is not yet 
sWitched on; therefore, there is no current ?oWing through 
either Winding Np1 or Np2 and, accordingly, no voltage is 
generated across the secondary Winding Np1 or Np2. Then, 
from time t2 to t3, the second sWitch S2 is switched on While 
the ?rst sWitch S1 remains sWitched off; this results in a 
similar situation as from time t0 to t1, except for a change 
betWeen the positive and negative in the voltage signals gen 
erated at the secondary side. Lastly, at time t3, the second 
sWitch S2 is sWitched off While the ?rst sWitch S1 is not yet 
sWitched on; thus resulting in the same situation as from time 
t1 t0 t2. 
Like many other DC-DC poWer converters, the push-pull 
converter generally operates at a relatively high frequency, 
because a high frequency alloWs the use of smaller inductors, 
transformers, and capacitors to handle the same poWer level 
but Without creating a bigger ripple currentithus achieving a 
reduction in both the siZe and material costs of the converter. 
The ?lter induction can be calculated as the folloWing equa 
tion: 
According to the above equation, sWitched circuits With high 
poWer require big input ?lter inductors (L, inductance) in 
order to obtain a loW ripple current (AI) in input and output, 
Where it is assumed that the current has a trapezoidal Wave 
form (therefore using a difference instead of differential). 
One Way to loWer the inductance is to loWer parameters such 
as the voltage, but these parameters are usually ?xed requests. 
If the ripple current needs to be maintained, a higher sWitch 
ing frequency is then required, Which Would unfortunately 
bring higher sWitching losses. HoWever, as sWitching fre 
quency is a trade-off betWeen static and dynamic losses (see 
Fundamentals of PoWer Electronics, ISBN 0-7923-7270-0), 
When a higher frequency is applied to the electrical sWitches, 
such as MOSFETs, more dynamic poWer dissipation Would 
US 7,796,409 B2 
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occur at them. Therefore, it is preferred to increase the input 
and output ripple frequency by connecting sWitches in paral 
lel and making them out of phase or lowering di/dt at the input 
and outputithis is exactly What the push-pull converter does. 
With the push-pull converter, the sWitching frequency from 
the sWitches occurs doubled at the ?lters. 
With the development of the poWer converter technology, 
various Ways to reduce ?lter impedances have been proposed 
for push-pull converters. In Wei Song and Bred Lehman’s 
“Dual Bridge DC-DC Converter: A New Technology Char 
acterized With No Dead lime Operation,” IEEE Transaction 
on PoWer Electronic, 19 (1), January 2004, and WO 
03/058800 to Wei Song, Bred Lehman, a technology is dis 
closed to minimiZe the dead time in DC-DC converters to 
loWer the ?lter impedances for getting the same ripple cur 
rent. The same effect is achieved by the so called “interleave” 
technology described in Gerald R. Stanley and Kenneth M. 
BradshaW’s “Precision DC-to-AC Power Conversion by 
Optimization of the Output Current WaveformiThe Half 
Bridge Revisited”, IEEE Transactions on Power Electronics, 
14(2), March 1999, and by a phase shift carrier disclosed in 
Karsten Nielsen’s “Audio Power Amplifier Techniques With 
Energy E?icient Power Conversion” Department of Applied 
Electronics, Technical University of Denmark, Lyngby, Apr. 
30, 1998. Furthermore, in their “Modern DC-to-DC Switch 
mode Power Converter Circuits”, pp 187. e/j BLOOM asso 
ciates Inc., 115 Duran Drive, San Rafael, Calif. USA, 1984, 
Rudolf P. Severns and Gordon E. Bloom use the term 
“tapped-primary quasi-squareWave converter” for a push-pull 
converter With multilevels at the secondary side. This con 
verter has the disadvantage that the output voltage can never 
be Zero and therefore energy is alWays transferred to the 
secondary side due to the ?xed duty-cycle of the outer 
sWitches. Also the advanced possible regulations (i.e. cas 
caded regulator) are not declared there. 
HoWever, the above technologies have several disadvan 
tages, such as sWitching one of the sWitches not against elec 
trical ground, having no further regulation possibilities, and 
being restricted to outputting only four voltage levels. 
Thus, it is desired to provide a neW push-pull converter 
achieving the advantages of the above mentioned technolo 
gies While solving the problems thereof. 
SUMMARY OF THE INVENTION 
A push-pull DC converter for converting an input voltage 
into at least one output voltage, includes a ?rst supply poten 
tial and a second supply potential established by the input 
voltage. At least one primary Winding having tWo terminals 
and a center tap at an intermediate point thereof, and tWo 
intermediate taps arranged betWeen the terminals and the 
center tap, Where the center tap is connected to the one of the 
tWo supply potential, for example, the ?rst supply potential. 
The converter includes at least one secondary Winding, mag 
netically coupled to the primary Winding for providing the 
output voltage. A ?rst controllable sWitch is connected 
betWeen the second supply potential and one intermediate 
tap, for example, of the primary Winding. A second control 
lable sWitch is connectedbetWeen the second supply potential 
and the other intermediate tap, of the primary Winding. A third 
controllable sWitch is connected betWeen the second supply 
potential and the terminal that is adjacent to the one interme 
diate tap. A fourth controllable sWitch is connected betWeen 
the second supply potential and the other terminal that is 
adjacent to the other intermediate tap, of the primary Winding. 
A control unit controls the sWitches such that they are turned 
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on sequentially to ensure Whenever one sWitch is turned on, 
the other sWitches are turned off. 
In operation, the poWer converter turns on the ?rst, the 
third, the second, and the fourth controllable sWitch sequen 
tially Where at any time only one sWitch is turned on; corre 
spondingly, the input voltage is converted into four poWer 
voltages out the secondary Windings. The above cycle may be 
repeated continuously to draW poWer out of the input voltage 
and to convert it into the output voltage. The symmetry of the 
arrangement of primary Winding sections and the correspond 
ing sWitches also alloWs the sWitches to be sWitched on in a 
backWard order, that is, the fourth, the second, the third, and 
the ?rst controllable sWitch being sWitched on sequentially. 
The poWer converter of the present invention provides a 
number of advantages. First, it reduces the difference of volt 
age rectangulars at the secondary side in the converter to 
either reduce the ripple current or loWer the ?lter impedances 
Without causing a bigger ripple current. Second, it offers more 
possibilities for energy conversion by generating more volt 
age levels and facilitating more regulation opportunities. For 
example, different voltage/current outputs alloW various 
cross regulation. For another example, With cascaded regula 
tion, tWo sWitches can be regulated faster While the other tWo 
sloWer. Third, it can process more poWer or use loWer ?lter 
impedances With the same input poWer and the same output 
ripple current. Particularly compared to prior art converters, 
the push-pull DC converter of the present invention has the 
primary sWitches thereof sWitched against electrical ground. 
Interleave of the multiple voltage levels can also be imple 
mented. 
DESCRIPTION OF THE DRAWINGS 
The present invention can be better understood With refer 
ence to the folloWing draWings and description. The compo 
nents in the draWings are not necessarily to scale, emphasis 
instead being placed upon illustrating the principles of the 
invention. Moreover, in the ?gures, like reference numerals 
designate corresponding parts throughout the different vieWs. 
FIG. 1 illustrates the basic circuitry of a conventional push 
pull poWer converter; 
FIG. 2 shoWs the corresponding signals Which apply to the 
poWer converter as shoWn in FIG. 1; 
FIG. 3 is a circuit diagram of a poWer converter; 
FIG. 4 shoWs the corresponding signals Which apply to the 
poWer converter shoWn in FIG. 3; 
FIG. 4A is a table shoWing the values of signals of the 
poWer converter shoWn in FIG. 3; 
FIG. 5 is a circuit diagram of another poWer converter; 
FIG. 6 shoWs the corresponding Waveforms of circuitry 
shoWn in FIG. 5; 
FIG. 7 is a signal diagram illustrating a technique for 
generating control signals for controlling the tWo additional 
sWitches of the poWer converter; 
FIG. 8 is a circuit diagram illustrating a technique for 
generating control signals for controlling the tWo additional 
sWitches of the poWer converter; 
FIG. 9 is a circuit diagram illustrating another technique 
for generating control signals for controlling the tWo addi 
tional sWitches of the poWer converter; 
FIG. 10 is a circuit diagram illustrating yet another tech 
nique for generating control signals for controlling the tWo 
additional sWitches of the poWer converter; 
FIG. 11 is a signal diagram illustrating the Waveforms of 
the signals on the primary Winding of a poWer converter; 
FIG. 12 is a signal diagram illustrating the Waveforms of 
the signals on the secondary Winding of a poWer converter; 
US 7,796,409 B2 
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FIG. 13 is a signal diagram illustrating the output ripple 
current (in the time domain) of a prior art push-pull converter; 
FIG. 14 is a signal diagram illustrating the output ripple 
current (in the time domain) of a poWer converter; 
FIG. 15 is a signal diagram illustrating the Fast Fourier 
Transform (EFT) of the ripple current shoWn in FIG. 11; 
FIG. 16 is a signal diagram illustrating the Fast Fourier 
Transform (EFT) of the ripple current shoWn in FIG. 12; 
FIGS. 17-22 are signal diagrams shoWing the signals 
related to the converter shoWn in FIG. 5; Where 
FIG. 17 is a signal diagram illustrating the sWitch control 
signals; 
FIG. 18 is a signal diagram illustrating the sWitched sig 
nals; 
FIG. 19 is a signal diagram illustrating the transformer 
secondary signals; 
FIG. 20 is a signal diagram illustrating the recti?ed sec 
ondary signals; 
FIG. 21 is a signal diagram illustrating the output current 
through ?lter inductor; and 
FIG. 22 is a spectrum of the signal of the output current 
through ?lter inductor. 
DETAILED DESCRIPTION 
The present invention is further described in detail With 
references to the ?gures illustrating examples of the present 
invention. 
FIG. 3 is a circuit diagram of a poWer converter according 
to an aspect of the present invention. The poWer converter 30 
converts an input voltage Vin into at least one output voltage 
Vout. Compared to the conventional converter shoWn in FIG. 
1, the poWer converter 30 includes tWo additional sWitches S3 
and S4 and tWo additional primary Winding sections Np3 and 
Np4. Speci?cally, the poWer converter 30 includes a ?rst 
supply potential 31 and a second supply potential 32 estab 
lished by the input voltage. One of these tWo supply poten 
tials, here the second potential 32, may be the ground. 
The poWer converter 30 also includes a primary Winding 
W1 that is divided into four sections Np1, Np2, Np3 and Np4, 
by three taps 33, 34 and 35 arranged betWeen the tWo end 
terminals T1 and T2 of the Winding. Apart form the center tap 
33, Which is arranged at an intermediate point of the primary 
Winding W1 and coupled to the ?rst supply potential 31, tWo 
intermediate taps 34 and 35 are arranged betWeen the end 
terminals and the center tap. Particularly, the ?rst intermedi 
ate tap, here 35, is arranged betWeen the ?rst end terminal T1 
and the center tap; the second intermediate tap 34 is arranged 
betWeen the second end terminal T2 and the center tap. Thus, 
the primary Winding W1 is divided into four sections: the ?rst 
Np1 betWeen the center tap and one intermediate tap, here 35; 
the second Np2 betWeen the center tap and the other interme 
diate tap, here 34; the third Np3 betWeen the one intermediate 
tap 35 and the terminal T1 adjacent to the one intermediate tap 
35; and a fourth Np4 betWeen the other intermediate tap 34 
and the second terminal, T2. Among these primary Winding 
sections, Np1 and Np2 are the same as in the conventional 
poWer converter, While the other tWo, Np3 and Np4, are 
additional sections. 
Further, corresponding to the four primary Winding sec 
tions, the poWer converter 30 includes four controllable 
sWitches, each connected betWeen the second supply poten 
tial 32 and one of the taps/terminals of the primary Winding. 
Particularly, a ?rst controllable sWitch S1 is connected 
betWeen the second supply potential 32 and one intermediate 
tap, for example 35, of the primary Winding; a second con 
trollable sWitch S2 is connected betWeen the second supply 
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potential 32 and the other intermediate tap, 34, of the primary 
Winding; a third controllable sWitch S3 is connected betWeen 
the second supply potential 32 and the ?rst terminal T1 that is 
adjacent to the one intermediate tap 35; and a fourth control 
lable sWitch S4 is connected betWeen the second supply 
potential 32 and the second terminal T2 that is adjacent to the 
other intermediate tap 34, of the primary Winding. 
The poWer converter 30 includes a control unit 36 for 
controlling the four sWitches in a Way that the ?rst, third, 
second, and fourth sWitches S1, S3, S2, S4 are turned on 
sequentially, in a certain order to be de?ned beloW, Where at 
any time a maximum of one sWitch is turned on. Last but not 
least, the poWer converter includes tWo secondary Windings 
Ns1 and Ns2 magnetically coupled to the primary Winding 
W1 for providing the output voltage Vout. Of course, a dif 
ferent number of secondary Winding(s) may be possible. 
Although not necessary, the poWer converter may include a 
rectifying circuit, here D1-D4, coupled to the secondary 
Windings for rectifying the output voltage signals. 
FIG. 4 shoWs the corresponding signals Which apply to the 
poWer converter as shoWn in FIG. 3. A brief comparison 
betWeen FIG. 2 and FIG. 4 reveals that, like in the conven 
tional converter (FIG. 2), all the sWitches of the poWer con 
verter 30 (FIG. 4) are turned on sequentially; hoWever, the 
neW converter 30 eliminates the dead time. That is to say, at 
any time, there is a maximum of one sWitch turned on. Theo 
retically, the sWitches may be turned on in any order. For 
example, as shoWn in FIG. 4, the order of the sWitches being 
turned on is either a forWard order, that is, ?rst sWitch S1, next 
sWitch S3, then sWitch S2, and ?nally, sWitch S4; or a back 
Ward order, that is, the ?rst sWitch S4, next sWitch S2, then 
sWitch S3, and ?nally, the sWitch S1. Since these tWo orders 
are in symmetry, a detailed description of the operation of this 
poWer converter according to the forWard order, as beloW, 
should be su?icient for one of ordinary skill in the art. 
From time t0 to t1, the ?rst sWitch S1 is turned on (i.e., the 
voltage across the sWitch S1, V51, is Zero) While the sWitches 
S2, S3, and S4 are all turned off (i.e., the voltages on these 
sWitches are not Zero but are as calculated in the table of FIG. 
4A). Therefore, a ?rst current Is1 ?oWs through the ?rst 
section Np1 of the primary Winding W1, causing output volt 
ages VNSl and VNS2 to be generated across the (?rst and 
second) secondary Winding W2, respectively. Next, from 
time t1 to t2, the third sWitch S3 is sWitched on While the 
sWitches S1, S2, and S4 are all sWitched off, causing a second 
current Is2 to How through the second section Np2 of the 
primary Winding. Thus, the output voltages VNSl and VNS2 
across the ?rst and second secondary Winding may change 
from their previous value in the time period from t0 to t1. 
Then, from t2 to t3, the second sWitch S2 is sWitched on While 
the sWitches S1, S3, and S4 are all sWitched off, and a third 
current Is3 ?oWs through the third section Np3 of the primary 
Winding, bringing about a possible change in the values of the 
output voltages VNSl and VNS2 across the secondary Wind 
ings. From time t3 to t4, the fourth sWitch S4 is sWitched on 
While the sWitches S1, S2, and S3 are all sWitched off, so that 
a current Is4 ?oWs through the fourth section of the primary 
Winding and the values of the output voltages VNSl and VNS2 
across the secondary Winding(s) W2 may again change. 
The above turning on and off of the four sWitches may be 
repeated over and over. For each cycle, the voltage signals 
across all the sWitches and the secondary Winding(s), as Well 
as the current signals ?oWing through the respective section 
of the primary Winding, can be found in the calculation table 
of FIG. 4A. In FIG. 4A, the voltages are calculated neglecting 
the overshoot related to the leakage inductors of the trans 
former on turning off of each sWitch; also neglected is a 





